Ton-scale direct dark matter search experiments should be sensitive to neutrino-induced recoil events from either 8 B solar neutrinos or the brief but intense flux from a core collapse supernova in the Milky Way. These low-threshold detectors are sensitive to the very low recoil energies, of order 10 keV, deposited via coherent elastic scatters between supernova neutrinos and target nuclei. Large superheated fluid detectors like PICO-500, a bubble chamber to be initially filled with an active target of 1 t or more of C 3 F 8 , should see multiple-bubble events from CEνNS if the detector is live during a neutrino burst from a supernova that is nearby, shown here to be on the order of 10 kpc. This paper discusses conditions under which bubble chambers could be used as an independent measurement in the event of a supernova similar to SN 1987A, with particular sensitivity to the currently less-constrained heavy-lepton ν x channel.
Introduction
At the end of their lifetime, massive stars, typically with 10M ≤ M ≤ 20M , may undergo core collapse and explode as Type II supernovae, having most of the gravitational binding energy of their remnants radiated away in neutrinos [1] . Given a sufficiently small distance to a supernova progenitor and an adequate detection sensitivity, it is possible for these neutrinos to be witnessed on Earth, as they may engage in both charged current (CC) and neutral current (NC) interactions with matter. Any such observation is highly valuable in terms of contributing to the current understanding of core collapse and neutrino physics [2] . For that reason, since the detection of nearly a dozen neutrinos from SN 1987A in the Large Magellanic Cloud by the Kamiokande-II [3] , Irvine-MichiganBrookhaven (IMB) [4] , and Baksan [5] experiments, much effort has been put into planning and commissioning detectors capable of observing a large neutrino signal from the next supernova. Present facilities include the water Cherenkov detectors Super-Kamiokande [6] and IceCube [7] , the scintillator-filled KamLAND [8] and Borexino [9] , as well as the Pb-based HALO [10] . All of these detectors are in principle sensitive to elastic scattering of heavylepton ν x off electrons and NC and CC interactions of ν e andν e with neutrons and protons in target nuclei, while water Cherenkov and scintillators additionally have the inverse beta decay detection channel [2] . However, the recently observed coherent elastic neutrino-nucleus scattering (CEνNS) of neutrinos of all flavors [11, 12] , which features large cross sections and should ideally constitute the dominant part of the neutrino signal, cannot be presently * kozynets@ualberta.ca observed in the aforementioned experiments, as typical recoil energies of CEνNS interaction are of keV scale and therefore fall below the energy thresholds in these detectors. Ton-scale direct dark matter search detectors, on the contrary, tend to have thresholds on the order of a few keV and may get around this limitation. The CEνNS sensitivity has been projected for CLEAN [13] , XMASS [14] , LZ [15] , and XENON1T [16] scintillators, all of which have been shown to be competitive. The purpose of the present paper is to draw attention to the potential of a direct dark matter search bubble chamber to likewise detect supernova neutrinos via CEνNS using the example of the funded PICO-500 experiment, both for its planned initial configuration of a 1 t C 3 F 8 target and for other similar configurations that could potentially be built and operated.
Operational Principles of Superheated Fluid Detectors
Bubble chambers use superheated fluids such as C 3 F 8 to detect elastic scatters on target nuclei. Nuclear recoils that deposit an energy above the detector's thermodynamic threshold, as set by its operating temperature and pressure, will nucleate a bubble that grows to visible size. This visible bubble is detected by high-speed cameras that trigger a hydraulic compression of the target fluid until the pressure is high enough that the vapor condenses back into the liquid state. To reset the detector, the hydraulic system reduces the pressure, returning the target to the superheated state. Superheated fluids have a very strong intrinsic rejection of electron recoils, typically of order 10 −10 or larger, which can be adjusted as required by varying the thermodynamic conditions. The resulting very low overall event rates lead to typical live-time fractions of ∼90% [17, 18] .
The fluoroalkane fluids used in these chambers are typically inexpensive, and the detector technology is both conceptually and mechanically simple. This makes it quite practical to scale to large target masses, relative to other dark matter direct detection technologies. If the bubble chamber technique is combined with a high-neutrondensity target, the flavor-blindness of CEνNS enables such chambers to have particularly good sensitivity, relative to large water Cherenkov neutrino detectors, to the heavylepton ν x component of the supernova neutrino flux.
PICO-500 and Future Chambers
PICO-500 is a ton-scale bubble chamber to be deployed underground at SNOLAB that is currently in the design and early procurement stage. This detector's greatly increased volume will push the boundary for current lowbackground bubble chamber technology. The baseline design is for a target composed of 1 t of superheated C 3 F 8 , but several other target options are being explored, both for this and for future chambers. In the first operational phase of PICO-60, a bubble chamber filled with 36.8 kg of CF 3 I was demonstrated to run stably [19] . An even larger chamber filled with an iodine-rich target is of continued interest. Projections of such a chamber's sensitivity to supernova neutrinos via CEνNS are given in Section 3.1, as compared to an equal volume of C 3 F 8 and of the liquid nobles 40 Ar and 132 Xe. We note that PICO-500 will not be sensitive to the CC channels accessible to classic neutrino detectors, as electronic interactions are invisible to the bubble chamber in the dark matter operational mode.
For the future PICO-500 operation, the goal is to have only a few neutron-induced multiple-bubble events per year. The observation of a multiple-bubble event, such as that expected from nearby-supernova CEνNS, is entirely orthogonal both to PICO's single-bubble WIMP-search channel and to its simultaneous multi-bubble neutron channel. This detection would be a highly complementary signal to those seen in coincidence in other detectors.
Inputs to Sensitivity Projection

Supernova Neutrino Fluxes
One of the earliest models that supernova neutrino spectra were approximated with was based on a Boltzmann energy distribution at a constant temperature. For analysis of the SN 1987A data, single-temperature fits were accepted for neutrinos of all flavors, as the few events observed via absorption of electron neutrinos by protons and electron scattering of all types of neutrinos did not allow to separate them at a reasonable significance level [20] . However, a three-temperature Boltzmann distribution model has been widely employed to describe the simulated spectra of supernova neutrinos [13, 21] :
where n j denotes the number of neutrinos of flavor j (ν e ,ν e , or ν x ≡ {ν τ ,ν τ , ν µ ,ν µ }) emitted from a supernova at a distance d from the Earth, τ j stands for the effective temperature specific for this flavor, and E ν is the neutrino energy. The result of the right-hand side expression evaluation is then the neutrino number flux density ψ
j (E ν ), which has the units of inverse energy if temperature is taken in energy units.
In the course of the past decade, more accurate models have been developed. The current standard is the pinched flux model, involving the "pinching parameter" α and the average neutrino energy E ν [22, 23] :
where
is the normalized gamma distribution (A =
Eν Γ(α+1) ) and Ω is the total energy emitted in neutrinos [24] . Both α and E ν are in general time-dependent, and their values can be obtained from simulations or fits to future highresolution spectral data. With α = 2 at all post-bounce times, Eq. 2 reduces to Eq. 1 [25] .
In this work, we will consider only the pinched flux model and examine the time evolution of the corresponding spectrum using the simulated 1D neutrino signal from the Garching Core-Collapse Supernova Archive [26] , obtained for a 20M progenitor [27] leaving a neutron star of nearly 1.95M baryonic mass. This model is preferred over three-temperature Boltzmann because with α held constant, as implied by Eq. 1, the latter becomes an oversimplification when energy moments evolve in time. The dependence of E ν and E 2 ν outputs of a 1D supernova simulation [28] on the post-bounce time t pb enables us to find α(t pb ) directly from:
In Fig. 1 , we reproduce the time dependence of the α parameter for different flavors (with ν x ≡ {ν µ , ν τ } and ν x ≡ {ν µ ,ν τ }, as defined in [28] ). We observe that before t pb reaches 1 s, α changes drastically with time and stays far away from the Boltzmann-like α = 2 for all flavors. Higher values of this parameter for ν e andν e imply more severe pinching than for ν x andν x . Nearly half of the total energy is, however, radiated within the first two seconds following the core collapse. To show this, we plot the ratio of the luminosity integrated up to t pb to the total energy of nearly 4.3 × 10 53 ergs produced over the time scale of 16.8 s as a function of t pb in Fig. 2 . We note that since the explosion of the star was triggered artificially in the discussed 1D model [28] , the neutrino emission properties in the accretion phase (0.2-1 s) might differ from those of the 2) on the postbounce time t pb : Simulated neutrino signal [26] from the explosion of a 20M progenitor [27, 28] .
full 3D supernova models, which do explode naturally but are not currently run over time scales longer than 0.5 s due to high computational costs. Once sufficiently long neutrino signals from 3D supernova simulations become available, neutrino emission in the accretion phase can be compared between the 1D and the 3D cases, and the results presented in the following sections can be further refined. However, as the exact time evolution of neutrino spectra is expected to differ even more across progenitor models and neutron star remnant masses than between 1D and 3D simulations, the present discussion is sufficient for a basic sensitivity projection study. Predictions of the cumulative number of bubbles expected from a full post-bounce signal impose relatively few clear constraints on the practical design of the experiment. One variable potentially impacting detector operations is a measure of the optimal time to maintain the target in the superheated state after the initial trigger event occurs. The goal is to capture as many scatter events as possible and yet recompress quickly enough to keep the detector's live fraction high. Therefore we are interested in the total scatter yield as a function of post-bounce time, which we will denote as t for the remainder of this section for brevity. To evaluate such time-dependent yields, we make use of the discrete set of L i (t i ) values from the Garching group simulation of the neutrino signal, where L i is the neutrino luminosity in the units of ergs per second, and employ the trapezoidal rule to integrate the luminosity within each [t i , t i+1 ] bin:
where we define ∆Ω(t i ) to be the energy emitted in neutrinos in ∆t i between t i and t i+1 for a certain neutrino flavor. The total energy normalizes the pinched flux within this bin:
By numerically integrating the resulting flux rates,
∆ti , over time, we obtain the full time dependence of the neutrino spectrum. To finally calculate the expected event rate for both time-integrated and time-dependent scenarios, it now only remains to introduce the E ν -dependence of the CEνNS cross sections (see Section 2.2). Section 3.1 and Section 3.2 present these estimates for PICO-500 filled with C 3 F 8 as the proposed target liquid, as well as other liquids that could potentially fill the same chamber volume in the future.
Elastic Scattering Cross Sections
Following [29] , we define the differential cross section of coherent elastic scattering as a function of neutrino energy E ν and recoil energy T :
In Eq. 7, G F ≈ 1.166 GeV −2 is the Fermi coupling constant; M = AM N ≈ (N + Z) · 931.5 MeV is the mass of the target nucleus, with N representing the number of neutrons, and Z -that of protons; and F (Q 2 ) is the Helmtype ground-state elastic form factor [29] :
where momentum transfer Q is related to the recoil energy T via Q = √ 2M T and j 1 is the first-order spherical Bessel function. The constant R 0 in Eq. 8 is uniquely defined for a target nucleus with a given atomic mass A: R 0 = √ R 2 − 5s 2 , where R = 1.2A 1/3 fm is the effective nuclear radius and s ≈ 0.5 fm is the nuclear skin thickness.
The other expressions appearing in Eq. 7 are the vector and axial-vector nuclear charges, Q V W and Q A W , such that:
with the weak mixing angle sin 2 θ W ≈ 0.2386 at momentum transfer Q ≤ 100 MeV [30, 31] , and
where g A p /g A n are the effective axial-vector coupling constants for neutral current neutrino-proton/neutron interactions, and Z ± /N ± are the numbers of spin up (+) and down (−) protons/neutrons. In spin-zero nuclei, such as 12 
, which lets us safely neglect the axial-vector term for 127 I but not for 19 F. Therefore, we write for fluorine nucleus:
where we made use of the medium-suppressed neutrinoproton axial-vector coupling constant [32] .
For each E ν in a discrete set {E ν,0 , E ν,1 , ..., E ν,n } with E ν,0 ≡ E min = 1 MeV, E ν,n ≡ E max = 100 MeV, and a constant step of 0.5 MeV, we integrated the right-hand side in Eq. 7 numerically with respect to T from T min , standing for the detection threshold, to T max ≡ 2E 2 ν M +2Eν , representing the maximum recoil energy at a given neutrino energy E ν , to get full cross section σ(E ν ) [33] . Fig. 4a shows these recoil energy integrated cross sections plotted against E ν for C and F nuclei in C 3 F 8 assuming a threshold of 2 keV, while Fig. 4b presents the same for C, F, and I in CF 3 I and Ar at a 10 keV threshold. 
Results
Time-Integrated Scattering Rates
From the recoil energy integrated cross section σ(E ν ) and the functional form of the neutrino flux density, we can evaluate the total number of scatters off N target nuclei in the whole range of possible recoil energies as: Table 1 lists the results of applying Eq. 12 to the case of Helm-type form factor (Eq. 8) and the pinched flux density model (Eq. 2) for neutrinos in the range 1-100 MeV emitted from a supernova at 10 kpc, with different target liquids and detection thresholds considered for PICO-500. We show how the total number of scatters with recoil energies above the detection threshold T min varies with the value of T min in Fig. 5 for the total neutrino flux integrated until t pb = 16.8 s.
These time-integrated values give insight into the sensitivity of the detector that could be achieved if its dead time was negligible during the supernova burst. For the reasons given in Section 2.1, a time-dependent treatment of the total yield is preferable to optimize the detector operation; this discussion follows in Section 3.2. 
Time-Dependent Scattering Rates
Following the procedure described in Section 2.1, we evaluated the number of observable neutrino-nucleus scatters integrated until post-bounce time t pb as a function of t pb . This time dependence is presented in Fig. 6 for the four considered liquids and the respective minimum detection thresholds that can be practically achieved with each liquid at the time of writing. Table 1 .
From Fig. 6 , we readily see that 1 t of C 3 F 8 with 2 keV detection threshold turns out to give the highest yield among the investigated bubble chamber options at all postbounce times. To quantify this statement, we provide the estimates of the time required to accumulate 1, 2, and 3 bubbles for each of C 3 F 8 , CF 3 I, 40 Ar, and 132 Xe in Table 2 .
Discussion
As per Table 1 , our expectation for the number of scatters observable from CEνNS of supernova neutrinos in PICO-500, whose current design includes a ∼725 L volume of C 3 F 8 , implies that such a detection is possible even at large thresholds. Indeed, for T min = 10 keV, we would be able to confirm 2 CEνNS events if a supernova happened at a distance 10 kpc from the Earth and the detector was kept live for the whole neutrino signal duration. The latter scenario is far from realistic given the operational principles of bubble chambers, and yet the fact that thresholds as low as 2 keV can be reached for C 3 F 8 with the current technology makes further investigation in this direction worthwhile. According to Table 2 , if the C 3 F 8 remains superheated for 4 seconds after the first bubble is observed, all of the 3 expected scatters might be detected before recompression. Moreover, the second bubble is expected to be observed after 1.2 seconds after the detection of the first one. Being highly distinctive from the single-bubble events presumed for the interaction of WIMPs with the target, such time-separated multiple-bubble occurrences can also be contrasted with the nearly simultaneous bubble nucleations induced by neutron background, thereby forming, if supported by data from neutrino detectors, a solid confirmation of neutrino emission from the supernova.
The results obtained for CF 3 I, LAr, and LXe within the same volume are less promising in terms of detecting Target T > 0.5 keV T > 2 keV T > 5 keV T > 10 keV T > 15 keV T > 20 keV Table 2 : Time since the supernova burst which is required to expect k bubbles in C 3 F 8 and other potential liquids for PICO-500 detector, with a minimum achievable detection threshold assumed for each liquid (see Table 1 ).
neutrinos from the same progenitor in a PICO-500-sized detector: in particular, we expect to detect only about 2 events above 10 keV in 1.2 t of CF 3 I and 3 events in 1.1 t of LAr and 2.2 t of LXe above the same threshold, with the event rates integrated over 16.8 s. The second CEνNS-caused bubble might, however, be seen in LAr just after 1.3 s after the first one, which makes it the next most suitable liquid for the purpose of supernova neutrino detection in a chamber of this kind. All of the targets considered in this study will serve their CEνNS detection purpose even better in case of a more closely located supernova progenitor; for example, the explosion of Betelgeuse at about 222 pc [34] would give nearly 2,000 times higher rates in 1 t of C 3 F 8 than those presented in Table 1 . Taken together, these conclusions bring additional value to the C 3 F 8 -filled PICO-500, planned as a direct dark matter search detector. They also boost the general scientific motivation behind future design and commissioning of larger-scale detectors, as the latter would be efficient in detecting neutrinos from much more distant supernovae.
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